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' CL 

MATERIALS «g 
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FIELD OF THE INVENTION ,^ 
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The present invention relates to the drying of materials xising a heat pump or heat ^ 
integrated dehumidifier system to move ©aergy to evaporate liquid from wet material. It 
has particular application to the drying of materials in a nominal paste, wet liquor or 
aggregate form but is also well suited for numerous other drying processes. 



BACKGROUND TO THE INVENTION 

10 

Most pastes and similar wet liquors dried on an industrial scale are currently dried by 
systems operating on a heat-and-vent principle where ambient air or other drying gas is 
heated by indirect contact with steam or by some other high temperature heat source, 
passed over or through the paste, liquor or other material to be dried, and vented back to 
1 5 the atmosphere. This process is often relatively rapid but CTtergy inefficient and can emit 
a large vapour plume that is undesirable in many cases. 

The problem of the highly prominent vapour plume is associated with the warm wet 
drying gas vented from the unit. In some implementations, these emissions can contain 

20 volatile organic products, including hazardoxis air pollutants. Even when it does not 
contain polluting components, the vapour plume is a clear indication of industrial 
activity that has become undesirable in many situations. This plume is also a problem in 
tiiat it prevents the recovery of the moisture removed from the process which may have 
value in certain instances. This problem can be addressed by either removing the 

25 condensable material from the exhaust stream before it is e?diausted to the environment 
or in preparation to recirculate it back through the drying system. Althougih these 
methods are known in the art, it is often expensive to implement such processes. 



30 



One way to improve the efficiency problem for existing heat and vent processes is to 
recover some of the heat present in the drying gas after it has taken up moisture from 
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the material being dried. This is known in the art and has led to several patents on 
various ways to recover this heat. One such patent, US 4,466,202 by Merten, proposes a 
variation on the conamonly used vapour recompression process. In Merton*s process, a 
drying gas is recirculated through the drier and the moisture vapour taken up by the 
5 drying gas is sq)arated out by a semi-permeable membrane. This moisture vapour is 
then compressed and condensed with the heat of condensation used to either heat the 
incoming drying gas or the material being dried before it is removed from the process. 

Although Merton's process can improve efficiency and eliminate the vapour plume, 
10 there are several significant disadvantages. The first is that the membrane system for 
separating the moisture vapoxir from the drying gas is expensive and causes a significant 
pressure drop in both the moisture vapour and drying gas streantis which must be 
overcome by compressor systems. Hie second is that the resulting low pressure of the 
permeate v^our stream will require a large volume capacity compressor which 
15 significantly increases the cost of the process. A third disadvantage is that the process is 
constrained by the requirement that the compressor and heat recovery system be 
specifically designed around the thermodynamic and refrigeration properties of the type 
of moisture being removed from the process and must deal with any less than optimum 
behaviours of that moisture species, 

20 

Heat pump systems have also been used to improve the efficiency of the drying process 
yet avoid this limitation by the thermodynamic refrigeration properties of the moisture 
being removed. US 4,134,216 by Stevens proposes a heat pump systrai with a closed 
loop refiigerant cycle and a closed loop drying gas cycle where the heat pump 

25 continuously recovers the heat of condensation from the moisture laden drying gas and 
recycles it into the moisture lean drying gas before it contacts the material being dried. 
US 4,247,991 by Mehta proposes a similar process with a supplemental drying gas 
desiccant added to generate ftirther improvement. Altiiough both of these processes 
improve the efficiency and eliminate the vapour plimie in a more flexible way, they 

30 both have the disadvantage of returning heat to the process through the dr>ing gas 
medium. This requires a large area for heat exchange, a large flow or high temperature 
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for the drying gas, and a higher pressure drop or inef&ci^t heat pumping to and from 
the drying gas as it moves through the process, 

Anottier heat pump drying system is described in US 5,537,758 by Guarise. This 
apparatus seeks to speed up a heat pump based drying process similar to the one 
described in US 4,134,216 by adding a pre-drying chamber. The heat of evaporation to 
drive this pre-drying chamber is either supplied directly to the material being dried by a 
higji frequency electric field in an induction heating configuration similar to a 
microwave oven or througji a separate hot air stream which is heated by a source 
separate from the heat pump circuit Although such a system should produce a faster 
overall drying rate, it will be extremely inefficient and expensive in its operation of the 
pre-drying chamber. These disadvantages result from the lower efficiency of high 
frequency induction heating in this environment and the higJi flows or hi^ temperatures 
required for the drying gas (air) to provide the large heat of evaporation for the moisture 
being removed. 

A non-heat pump based drying process and apparatus proposed by Stevens and Peeters 
in US 5,600,899 identifies another method to improve the uptake of the heat of 
evaporation by the material being dried. Their system also uses a heated drying gas to 
supply this heat of evaporation but employs a gas permeable conveyor belt to transport 
the material being dried. In this way, the heated drying gas can more effectively transfer 
heat to the material being dried. However, as with the other heated gas methods, this 
process requires sigmficant fan power to overcome the pressure drop across the 
permeable belt and either a high temperature gas or a high flow of gas to transport the 
required amount of heat to evaporate the moisture. As a result, the process and 
apparatus proposed in US 5,600,899 will be relatively costly and inefficient 

In US 5,862,609, Steven and Peters propose a variation on their US 5,600,809 process 
and system which is more amenable to use of a heat pump. This variation can more 
readily take advantage of the improved efficiency provided by a heat pump system by 
way of its multiple stages of closed loop drying gas circulation tibrough their permeable 
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conveyore. However, tte hi^ fan power costs a$soci«ed wiih imyving the large 
aiftouiits of drying gas required wiU leave it wifli a cost and efSdenoy disewJvantage. 

•nnifi, althoy^ there have been numerow attempts to improve the effidenoy and 
5 effwliveness of drying pastes, Uquois and aggregate materials, there ie stin opportunity 
for further improvements. 

SIJMMARY OF THE INVENTION 

[0 It is an object of the present invention to provide an in^rovcd drying process aod/or an 
apparatus for drying by means of a heat integrated and/or heat pumping process and/or 
apparatus. 

IQ one aspect die present invention may be said to consist of a heat pump or heat 
1 $ intfegrated apparatus operable in a drying apparatus widi the heat pump evaporator or 
cold heat exchanger in primary tfiermal contact for convective and/or conductive beat 
exchange with the drying gas medium after said drying gas medium has taken up 
moisture from the material bemg dried and the heat pump condenser or hot heat 
estdianger in primary thermal contact for convective and/or conductive heat exchange 
20 with the material being dried and with both the drying gas medium and any heat pump 
reftigwant in nominaUy closed loop circqlation paths. 

In another aspect the pr^ent invention may be sdd to consist of a heat pump and drying 
apparatus including a drying chamber and a heat exchange apparatus, wherein die heat 

25 exchange apparatus includes a colder heat pump evaporator or heat mtegrated heat 
cxchangci<s) and a hotter heat pump condenser or heat mtegrated heat exeiiangei<8) 
arranged such that during operation, the colder heat exchanger(s) substantiaUy 
exchanges heat with the moisture rich drying gas stream, and the hotter heat 
exohanger(s) substantially exchanges heat with the material being dried rather dian the 

30 moisture lean drying gas Stteam, 
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evaporator or heat integrated heat exchaQger(s) and a hotter heat pump condenser or 
heat integrated heat exchanger(s) arranged such that during operation, the colder 
evaporator or heat integrated heat is exchanged substantially with the moisture rich 
drying gas stream, and the hotter condenser or heat integrated heat is exchanged 
5 substantially with the material being dried rather than the moisture lean drying gas 
stream. 

The hotter and colder heat exchange apparatus are primarily driven by the heat pump 
cycle through its respective condenser and ev^orator. However, both heat exchange 
10 apparatus may utilise other integrated heat exchange technology. For example, other 
heat sinks and sources may be used to augment or replace the heat piraip ev^orator and 
condmser. 

Preferably, the invention provides a higher efficiency process through the more direct 
1 5 heat exchange with the material being dried as well as a reduced capital cost process by 
way of the reduced drying gas requirements. These reduced drying gas requirements 
will come from the fact that the drying gas will have a higher capacity to take up 
moisture relative to its capacity to provide the heat needed to take up that moisture. 

20 A preferred embodiment of the invention consists of a heat pump drying process and 
apparatus configured so that the heat pump condenser and evaporator are located 
entirely within a nominally enclosed chamber and work effectively with the primarily 
closed loop recirculating air-flow (or other drying gas medium). The method and 
apparatus of the invention conducts the drying gas cooling and moisture condensation 

25 heat exchange at tiie heat pump evaporator and does not directly heat the drying gas 
stream in any substantial way but instead provides the primary heat for drying from the 
heat pump condense: to the material being dried rather than through intermediate heat 
exchange with the drying gas stream as is done with conventional heat pump 
dehumidifier drying systems. 

30 

In optional embodiments employing heat integrated processes and apparatus, it is 
possible to use a waste heat source to supplement or replace the heat pump condenser 
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and a waste heat sink such as cooling water to supplement or replace the heat pump 
evaporator. 

In the preferred embodiment of the invention, in each pass through the heat pump 
system, all or part of the drying gas passes over the heat pump evaporator where some 
of the moisture is condensed out and heat is recovered from the drying gas stream. The 
drying gas stream then primarily takes up heat through contact with the material being 
dried and mixing with the moisture vapoxir evaporating from the material being dried 
rather than more directly through heat exchange with the heat pimip condenser. 

As with other existing heat pump systems, for low humidity operation, the drying 
capacity and efficiency of the invention can be optionally enhanced by recovering 
sensible cooling at the evaporator using a pair of liquid coupled or heat-pipe coupled 
heat exchangers at flie evaporaitor (Blundell, 1979). 

As those skilled in the art will appreciate, the process and apparatus of this invention 
will provide benefits to drying many different materials. These materials include but are 
not limited to sewage sludge, meat and vegetable matter processing streams and wastes, 
dairy processing streams and wastes, paper, bricks, gypsvmi, plaster board, textiles, 
china clay, fertihzer, dye stuffs, tiles, pottery, grain, nuts, seeds, fruits, bio-processing 
waste, etc. 

The process and apparatus of this invention are also amenable to various drying gas 
mediums. Although tiie preferred embodiment for the invention is with air as the drying 
gas, the process and apparatus can be configured to use C>2-free air, nitrogen, argon, 
oxygen, or any other gaseous medium to take up the moisture from the materials to be 
dried and condense that moisture out of the system through the heat pump evaporator as 
noted in (Chen, Bannister, McHugJi, Carrington, Sun, 2000) for other more traditional 
heat pump drying systems. As with otiier existing heat pump systems, the invention 
requires means for rejecting excess heat from the drying chamber. This may include full 
time or periodic venting of a sub-stream of the drying gas, cooling the drying gas 
entering the evaporator, cooling any make-up or purge drying gas entering or leaving 
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the apparatus, sub-cooling the liquid heat pump refrigCTant leaving the condenser^ 
cooling the heat pump refrigerant leaving the compressor, or cooling and partially or 
wholly condensing the high-pressure refrigerant for purposes of control. 

5 Also, although the system is preferentially focussed on water removal, it can also be 
configured to remove other vaporisable and condensable liquids fix)m the material to be 
dried such as various organic solvents to be recovered from solvent based processing 
steps. 

10 BRIEF DESCRIPTION OF THE DRAWINGS 

Preferred embodiments of the invention will be described with reference to the 
accompanying drawings, of which: 

Figure 1 shows a basic heat pump process flow diagram applicable to this 
15 invention. 

Figure 2 shows a preferred heat exchanger and drying chamber configuration 
with a belt system for conveying the material to be dried, and 

Figure 3 shows a preferred condenser heat exchanger configuration with a belt 
system for conveying the material to be dried. 

20 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The present invention is a process and apparatus to improve the heat pmnp based or heat 
integrated drying of liquors, pastes and other similar free flowing materials. A preferred 

25 embodiment of the invmtion involves exchanging heat between the heat pump 
evaporator and the moisture laden drying gas stream to partially condense and remove 
the moisture from the drying gas stream and involves exchanging heat between the heat 
pump condenser and the material being dried nominally without directly heating the 
drying gas stream in any substantial way except through contact with the material being 

30 dried and throu^ mixing with the moisture vapour evaporating from the material being 
dried. 
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The following description of the process and apparatus of this invention, by way of 
example only and with reference to the accompanying drawings in the accompanying 
figures, indicates the presently preferred embodiments of the invention, 

5 Refening to Figure 1, the basic heat pump cycle is put forward with the primary 
sequence of processes for the refiigerant cycle of compression 11, condensation 12, 
expansion 13 and evaporation 14 with the drain 1 5 to indicate the removal of condensed 
liquid from the drying gas stream (not shown) at the evaporator 14. The heat pump 
system is controlled by integrated control unit 16 through signals from one or more 

10 sensors 17 and though one or more actuation devices 18. The designation of item 18 as 
a compressor suction control valve is simply one option for control actuation. 

In the context of a dehumidifier drying system, referring to Figure 2, the heat pump 
compressor (not shown) operates to move heat from the lower temperature evaporator 
15 heat exchanger (or exchangers) 36 to the hi^er temperature condenser heat exchanger 
or exchangers 29, 30 and 3 1 . The heat pump evaporator 36 acts to remove heat from the 
drying gas 33 and condenser heat exchangers 29, 30 and 31 act to provide heat to the 
material being dried. 

20 The drying gas is primarily recirculated throu^ the system. Moisture lad«i drying gas 
stream 33 passed over heat pump evaporator heat exchanger 36 which cools and 
partially condenses moisture vapour from the drying gas and drains that condensed 
moisture from the system by gravity or other appropriate mechanism (not shown). The 
moistuie lean drying gas stream 34 then is channelled over the material being dried, 

25 which is spread out over a belt conveyor system 23, 24 and 25. There the drying gas 
takes up moisture evaporating from the material being dried and then as stream 35 
optionally provides heat to the incoming material being dried through exchanger 37 
before it recycles again through the system guided by various internal baffles and plates 
such as it&m 39. It can be appreciated by those skilled in the art that the drying gas flow 

30 need not be recirculated in a rigorously closed loop. It is readily possible within the 
scope of the invention to have various drying gas purge and makeup streams as is 
appropriate to the specific drying application. 
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Since the heat input to the system conies primarily through the material being dried, any 
temperature drop experienced by the drying gas in other parts of its cycle through the 
system can be recovered as the drying gas passes over the material being dried and 
5 actually receives heat from both contact with the material and from uptake of the heated 
moisture vapour coming off the material being dried. This is the opposite of existing 
systems where the drying gas provides heat to the material being dried. Since the 
sensible heat taken up by the drying gas is small relative to the total heat of evaporation 
provided by the heat pump condenser, any losses from this reversal are similarly small. 

10 As a consequence, the drying gas flow needed to take up the moisture is much lower 
than it would be if it also had to provide the heat of ev^oration to the material being 
dried which significantly reduces wasteful dry gas fan power or the required 
temperature diffiMrence of the drying gas relative to ^sting systems. Thus the 
combination of effects leads to an overall net process efficiency improvement relative to 

1 5 existing systems. 

The material being dried ent^s the system as stream 21 and is optionally preheated by 
the moisture laden drying gas stream 35. It is then distributed into a high surface area 
configuration, which in this preferred embodiment is onto a set of moving belt 

20 conveyors 23, 24 and 25. In the preferred configuration shown, the conveyor moves the 
material being dried from left to right in counter current flow to the drying gas. But, it 
does not materially affect the invention if the movement of the material being dried 
were in co-current flow with the drying gas stream. The heat pump condenser 29, 30 
and 3 1 acts to provide the heat of evaporation to vaporise the moisture from the material 

25 being dried primarily by conduction, preferentially through a tube, plate and belt 
configuration shown in more detail in Figure 3. As the material being dried moves along 
the conveyor and gives off moisture during the drying process, it passes through an 
optional set of agitation devices 26, 27 and 28 which can act to break up any moisture 
resistant skin that may forai during drying. Once the material is sufficiently dry, it 

30 leaves the system as stream 38. 



wo 2004/113809 PCT/NZ2004/000133 

10 

The details of one preferred method for providing the heat from the heat pump 
condenser more directly into the material being dried rathw than through the drying gas 
medium are shown in Figure 3. The refrigerant tubes of the heat pump condenser are 
shown as item 50. The condensing refrigerant transfers heat through the heat exchanger 
5 tube walls and into an optional dispersion plate 5L In this embodiment, the dispersion 
plate is made from a high heat transfer material such as copper or alxmainixmi. In cases 
where corrosion may be a problem, a thin sheet or film of corrosive resistant material 
may optionally overlay any dispersion plate. In the embodiment shown, the heat from 
the heat pump condraser is then transferred through a conductive conveyor 52 to the 

10 material being dried. As those who are skilled in the art are aware, the high thermal 
conductivity of the conveyor and dispersion plate sigtdficantly affect the efficiency of 
the process and should be maximised. The material being dried 53 is spread on the 
conveyor 52 at the left and dries as the conveyor moves in a clockwise direction before 
it leaves the conveyor as diy material 54, In this embodiment, the material being dried 

1 5 will be spread such that it has good thermal contact with the conveyor or the condenser 
heat exchanger tubes if a conveyor and dispersion plate are not needed.. 

It can be appreciated by those skilled in the art that other waste heat sources or sinks 
may be available at low cost in certain process environments. In these situations, for the 

20 case where the heat pump system is augmented or replaced by an alternate high 
temperature heat source and lower temperature heat sink, the condensing duty from the 
heat pump refrigerant working fluid is augmented or replaced by the high temperature 
heat source in the heat exchange system and the evaporating duty from the heat pump 
refrigerant working fluid is augmented or replaced by the lower temperature heat sink in 

25 the heat exchange system. 

It can also be appreciated by those skilled in the art, that additional components spedfic 
to the product being dried, such as auxiliary heaters for sterilization can be readily 
added to the process and apparatus of the invention without matCTially changing the 
30 invention. 
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Similarly there are various methods and apparatus that can be added to the process and 
apparatus of this invention to reject any excess heat from the overall process to the 
ambient environment without materially changing the invention. These include but are 
not limited to venting a sub-stream of drying gas, pre-cooling the drying gas entering 
5 the evaporator, cooling any make-up or purge drying gas entering or leaving the heat 
pump apparatus, sub-cooling the liquid heat pump refrigerant, de-superheating the heat 
pump refrigerant leaving the compressor, or partially or wholly condensing the high- 
pressure refrigerant for purposes of control. 

10 As with other heat pimip systems, additional methods of heat recovery may be 
optionally applied to the invention without material change to the invention. For 
instance, it is possible to include the capacity for reclaiming sensible cooling at the 
evaporator using, for example, either a pair of liquid coupled heat exchangers, or by 
means of heat-pipe coiqpled heat exchangers. Also, it will be noted that some heat may 

IS be added to the recirculating drying gas stream from the heat pump circuit to fine tune 
and control the process without material change to the invention. 

As those skilled in the art will appreciate, the process and apparatus of this invention 
will provide benefits to drying many different materials. These materials include but are 
20 not limited to sewage sludge, meat and vegetable matter processing streams and wastes, 
dairy processing streams and wastes, paper, bricks, gypsum, plaster board, textiles, 
china clay, fertilizer, dye stuffs, tiles, pottery, grain, nuts, seeds, fi:uits, bio-processing 
waste, etc. 

25 The process and apparatus of this invCTition are also amenable to various drying gas 
mediums. Although tiie preferred embodiment for the invention is with air as the drying 
gas, the process and apparatus can be configured to use 02-free air, nitrogen, argon, 
oxygen, or any other gaseous medium to take up the moisture from the materials to be 
dried and condense that moisture out of the system through the heat pump evaporator. 

30 As with other existing heat pump systems, the invention may require means for 
rejecting excess heat from the drying chamber. This may include desuperheating, 
condensing or sub-cooling refrigerant leaving the compressor and rejecting heat to the 
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environment. Alternatively the drying gas may be precooled as it enters the evaporator 
or the dehumidifier more generally. 

Also, alihough ttie system is preferentially focussed on water removal, it can also be 
5 configured to remove other vaporisable and condensable Uquids fix)m the material to be 
dried such as various organic solvents to be recovered from solvent based processing 
steps including painting. 

Although the figures show a preferred embodiment for a conveyor belt material 
10 handling system, it can readily be appreciated that minor changes to the drying chamber 
configuration can be made to facilitate other methods of conveyance such as wiped film 
systems, in other drying gas mediums and for removing liquids other than water. 

In the preferred embodiment for drying an biological paste for a typical feed with 25% 
15 solids content (300% moisture content dry basis) and drying to an 80% solids content 
(25% moisture content dry basis), the nominal conditions are sunamaiised in Table 1 : 



Table 1 



Biological Paste Drying Example Parameter 


Range 


Dry bulb temperature of drying gas (average 
over the system) 


35-70C 


Wet bulb temperature of drying gas (average 
over the system) 


20-65C 


Drying gas velocity over the material being 
dried 


1-5 m/s 


Approach temperature in heat pmnp condenser 


2-25C 


Approach temperature in heat pump evaporator 


2^5C 


Drying gas temperature drop across evaporator 
heat exchanger 


3-35C 


Condenser temperature heat pump fiuid side 


4a-85C 


Evaporator temperature heat pump fluid side 


20-65C 
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Computational models of the efficiency of organic paste drying in a conventional heat 
pump system with drying gas heating and cooling and in a conventional combustion 
heat driven system were compared to similar models for the efficiency of paste drying 
using a preferred embodiment of the invention. The case considered was for a wet paste 
5 feed containing 30% solids on a total mass basis with a dry product of 83% solids on a 
total mass basis for a system capable of removing 390 kg/hour of moisture. The. results 
are summarised in Table 2. 



Table 2 





The 
Invention 


Existing Thermal 
Systems 


Existiag Heat 
Pump Systems 


Combustion Heat 


0 


380 kW 


0 


Electrical Power 


42 kW 


50 kW 


130 kW 


Bstimated aanual cost 
@$0.10/kWh electric & 
$0.04/kWli combustion 


$33,600 


$161,600 


$104,000 


Estimated Operating Savings 
$ per year for the invention 
relative to oCher existing 
options 




$128,000 


$70,400 



10 

Comparison of the two processes shows that the overall drying efficiency is 
significantly higher when the heat of evaporation is directly supplied to flie material 
being dried by conduction rather than by the drying gas stream. Thus the invention 
achieves a substantial performance benefit relative to the prior art heat pump drying 
15 systems. 

It will be appreciated that the invention is not restricted to the particular embodiments 
and modifications described above and that numerous modifications and variations can 
be made without departing fix)m the scope of the invention. 



